A study was conducted to assess growth, carbon stock and sequestration potential of oil palm plantations along a chronosequence in Mizoram, Northeast India for which a total of 148 oil palms drawn from different age group plantations (1 to 11 years) were sampled for their biometric parameters and assessment of carbon stock through partial non-destructive methods. All the growth parameters of oil palm (trunk height, crown depth, total height, trunk diameter) and biomass drew from different parts of the palm showed a significant (p < 0.05) progressive growth along a chronosequence. Crown biomass was observed higher (65.00%) in younger age groups 1 -3 years, while the trunk with old frond bases biomass showed a larger percentage (67.96%) in the older oil palm aged 4 -11 years. All the linear correlations between the growth variables with age and biomass were observed significant at p < 0.01. Total above ground biomass (AGB) was highly correlated with the trunk height (r = 0.985), total height (r = 0.994) and age (r = 0.973). On an average, portioning of biomass and carbon stock was in the order: AGB > belowground biomass (BGB) > standing litter biomass > deadwood biomass > understorey biomass. AGB, BGB and deadwood biomass followed an increasing trend while understorey biomass decreased with age. An 11-year oil palm plantation accumulated 111.96 Mg ha −1 biomass with a carbon density of 49.90 Mg C ha −1 and could sequester 3.70 Mg C ha −1 year −1 in 10 years after planting in Mizoram, Northeast India. The findings showed considerable carbon storage with comparative higher values in oil palm plantations than shifting cultivation fallows. This will enable policy and decision makers in framing climate change mitigation and adaptation policies regarding the extension of oil palm plantations in Mizoram.
Introduction
Increasing levels of greenhouse gases (GHGs) concentration, mainly CO 2 in the atmosphere, is a major concern responsible for climate change in the current global environment scenario. Carbon storage in the tropical ecosystems has been disturbed through land-use and land-cover change releasing greenhouse gases (C emissions) with a relative value ranging 10% -13% annually [1] . Forestry and agroforestry systems which incorporate tree crops render a significantly larger sequestration potential for longer periods than compared with normal agricultural crops [2] . Tree crop plantations mainly in developing countries provide a long-term reduction in GHGs levels through sequestration and also provides work, income, and food, especially the smallholder systems [3] shifting cultivation. The promotion of oil palm under the scheme was to decrease GHGs emissions, increase local production of biofuels and to ensure energy security and creation of jobs in the state. The oil palm plantations were restricted to shifting cultivation fallows and other degraded lands and focused to support the marginal and small land holders. Extensive studies on the botanical and cultivation aspects of oil palms had been carried out owing to its commercial importance and their rapid expansion may well be a cause of deforestation in many countries of Southeast Asia [6] . Conversion of forests into oil palm plantations has aggravated environmental issues such as biodiversity losses and net emission of carbon dioxide responsible for global warming [7] [8] . In addition, carbon storage and soil fertility get affected as soil organic carbon (SOC) contents become lower under oil palm than under primary or secondary forest [9] .
However, oil palm shows a wide "management swing potential" acting both among the best and worst in terms of emission saving. It is best if grown on already deforested lands and the worst when grown on deeply drained soils from freshly felled forest [6] [10] [11] [12] [13] [14] . Oil palm plantations are suggested to generate economic benefit as well as contribute to carbon storage in a more sustainable way if planted in areas of low productivity or on degraded land [7] [15] [16] . Various studies on carbon sequestration of oil palm plantations in Southeast and East Asia have been reported [17] [18] [19] [20] . Researchers estimate oil palm biomass and volume by destructive sampling which is tedious and time consuming while some of the studies are based on non-destructive methods in which allometric equations developed from data extrapolation with 
Materials and Methods

Study Area
The present study was carried out in selected oil palm plantations along a chronosequence located in Kolasib district (lat. 92˚30'31''E to 92˚54'00''E; long. 23˚57'34''N to 24˚22'21''N) of Mizoram, Northeast India ( Figure 1 ). The state has an undulated topography with over 80% of the total geographical area being hilly with steep slopes. The soils of Mizoram are dominated by sedimentary formations with loam to clay loam texture possessing Udic soil moisture regime [24] . Mizoram experienced short winter and long summer with heavy rainfall ranging 2000 -3200 mm annually. Mizoram has a forest cover of 86.27% of its total geographical area which is 18,186 km 2 with a decline of 562 km 2 from its assessment in 2015 [25] . Agriculture is the main occupation and shifting cultivation continues to be the predominant practice, affecting as much as 2618 km 2 or about 14% of the state area [26] .
Sample Plot Design and Growth Measurements
Circular sample plots with 10 m radii, consisting of 4 -5 palms were established in oil palm plantations of different age groups with planting age ranging from 1 to 11 years located in Kolasib district of Mizoram. In total, 148 individual oil palms at various age stages were measured from the 33 sample plots, 3 plots for each age group, from January to February 2017. The girth of the trunk at 10 cm sample of 100 g each was bagged to be oven dried at 80˚C for 48 h to determine dry matter. Likewise, the number of frond base attached to the trunk in each of the palms was also counted and one random sample from each palm was taken to determine the average dry weight for each age category.
Oil Palm Biomass
Using partially destructive sampling, oil palm biomass (Mg·ha Trunk biomass was estimated, assuming a cylindrical shape of the trunk as:
Trunk biomass, ( )
where D is the trunk diameter in m, H 1 is the trunk height in m, and ρ is oil palm density in kg·m −3 (with an average value of 395) [28] .
Frond Biomass was estimated by calculating the total number of fronds and taking a sample of the middlemost frond to determine the average dry weight of a representative single frond [29] as:
where N is number of fronds, DW is the dry weight of single frond in kg calculated as 1.146 × (DW petiole + DW rachis + DW leaflet ), 0.1416 = correction factor as part of the petiole is still attached to the trunk [29] .
Old Frond bases which remained on the stem were counted and its biomass was estimated from the dry weight of the sample representative frond taken as:
Old Frond bases Biomass,
where, N is number of old frond bases present on the trunk, DW = dry weight of single frond base in kg.
Above ground biomass (AGB) of oil palm was thus determined using:
Below ground biomass (BGB) of oil palm was estimated from AGB values by adopting a root to shoot ratio of 0.30 [30] as:
The AGB and BGB were then expressed in Mg·ha 
Soil Organic Carbon (SOC) and SOC Stock
In each plot, three sampling points were selected randomly and soils were collected at two depth classes: 0 -20 and 20 -40 cm. The three sub samples at each plot and depth class were bulked to get one composite sample for each depth class per plot. The soil samples were air-dried, grounded, passed through 2 mm sieve and stored in air-tight plastic bags. All the analyses were done by taking three replicates from each depth at a given site. Soil Bulk density was determined by soil corer method [32] . Bulk density of fine soil was then estimated by deducting coarse rocky fragments percentage obtained after sieving through a 2 mm sieve. Soil organic carbon was determined by Walkley-Black rapid titration method [33] . Soil organic carbon density (Mg C ha
) was computed as follows [34] :
[ ] 
where, SOC is representative soil organic carbon stock (Mg·C·ha 
Carbon Stock and Sequestration Potential of Oil Palm Plantation
The carbon content of oil palm trunk, BGB components, and understorey vegetation was assumed the default value of 0.47, and 0.40 for the standing litter stock and deadwood [34] . Carbon content in the other different parts of oil palm was determined from the sub samples by grinding them in a Wiley mill and 2 g of the powdered sample being ignited at 550˚C for 6 h in a muffle furnace [35] .
The ash content (the inorganic elements in the form of oxides,%) left after burning was weighed and carbon content was calculated by using the following equation:
( ) 
Results and Discussion
Growth Parameters
All the growth parameters of oil palm (trunk height, crown depth, total height, trunk diameter) showed a significant (p < 0.05) progressive growth along a chronosequence ( Table 2) . Similar was the case with the biomass drawn from different parts of the palm. In the present study, trunk height and total height were strongly correlated with age than with the trunk diameter, as was also reported from Malaysia [21] . We could not measure the diameter at breast height (DBH) for the younger palms having shorter trunk less than 1.3 m height, so in such cases, the analyses were carried out with trunk diameter at 10 cm above ground instead. Reduction of DBH with the advance of age in oil palm was reported but the reduction was not detected in the present study [21] [37]. This may be due to the young age of oil palm under study where oil palms are re- 
Biomass Partitioning and Carbon Content
On an average, biomass (Mg·ha ) in Indonesia measured by using allometric equations based on palm height [41] .
A lack of root to shoot data for oil palm has been stated and studies from Brazil reports that roots make up only about 15% of total biomass; however, in the present study, we adopted a suggested value of 0.30 for estimating below ground [42] . Carbon content variation from 45%
to 50% in different oil palms parts was also reported in Colombia [22] . The percentage of 50% was usually employed in many similar studies [43] . These being considered unreasonably high for oil palm, the IPCC change its default to 47% [34] . For the oil palm under study here, even the default value adopted may represent overestimation in the conversion of AGB and BGB to carbon stock. 
SOC Concentration and Carbon Stock
Both bulk density of fine soil particles (≤2 mm) and SOC concentration, in the present study showed a tendency of lower values in deeper soil depth (20 -40 cm) than those of upper soil depth (0-20 cm), irrespective of oil palm chronosequence (Table 6) , which are lower than the results from oil palm plantations in the present study [48] . 10 years old oil palm plantation is comparable with the results in the present study [42] . The differences in the rate of sequestration could be attributed to the variation in physical conditions in the study areas. [51] . Studies also showed that oil palm will require 7 -11 times less land than other oilseed crops to produce the same quantity, thus could save 97 -159 million ha of land from being deforested for cultivation with lower yielding oil crops [52] . Oil palm plantation in Brazil served an alternative in regional economic development as it could provide employment, diversify production and diminish dependence on imported biofuel in Brazil [51] .
Environmental Sustainability
The conversion of shifting cultivation and other degraded lands to oil palm cultivation is probably the most important pathway in reducing GHG emission in the area. The shifting cultivation area are known to contribute to biodiversity loss, increased soil erosion and nutrient loss, besides GHG emissions [1] . An ease establishment coupled with low cultivation cost and high product output make oil palm more profitable and most efficient crop economically as compared to other crops [53] . Oil palm plantation store more carbon than shifting cultivation and other degraded lands and besides, unlike shifting cultivation it has zero burning and biomass preservation. Growing oil palm consumption and emerging biofuel market provide tremendous potential for expansion of oil palm cultivation to alleviate poverty and to transform livelihood of many people in the state. Competitive market, lack of certification and institutional support are some of the challenges under the scheme to promote economic growth in Mizoram, northeast India
Conclusion
The aboveground biomass in this study was estimated using a non-destructive sampling of oil palm parts and measurements of different biometric parameters in plantations aged 1 to 11 years. The biometric variables were significantly correlated, AGB being strongly correlated with height measurements. Trunk biomass increased while crown biomass decreased with an increase in age. Stored carbon stock in oil palm plantation was also greatly influenced by age. Our result suggests that eleven years old oil palm plantation can sequester 3.70 Mg·C·ha proper plantation measures such as avoiding land clearing by fire, avoiding drainage and erosion of top soil, using cover crops, mulch, and compost, etc. can prevent or reduce losses of some ecosystem functions thus reducing climate change [53] . The findings of the study will enable policy and decision makers in framing climate change mitigation and adaptation policies regarding the extension of oil palm plantations.
